Abstract. Welch derived power spectral density estimation (PSE) of a signal with reducing noise effect. The variation in the responses in time-domain before and after the attachment of additional mass on the damage-expected truss structure is transformed to the PSE responses in frequency-domain. Estimating PSE to characterize the frequency content of the signal based on Welch method, this work proposes a damage detection method using output-only contaminated by external noise without the baseline data at intact state. A numerical experiment proves the validity of the proposed method.
Introduction
Many attempts have been made to evaluate the structural health state. Most methods to evaluate the structural health state require the baseline data at the intact state to compare them with the measurement data set at damage-expected state. During the past several decades, a significant amount of research has been conducted in the area of structural damage detection.
Welch [1] provided a method for the application of the fast Fourier transform (FFT) algorithm to the estimation of power spectra. Welch method is non-parametric method including the periodogram to have the advantage of possible implementation using the FFT. It is used to find the power spectral density (PSD) of a signal with reducing the effect of noise. Kopsaftopoulos and Fassois [2] [3] [4] [5] investigated the potential and effectiveness of the statistical time series methods through experiments on a laboratory aluminum truss structure. And they assessed several scalar and vector statistical time series methods for vibration based on structural health monitoring. Zimm and Zimmerman [6] compared Time Domain Periodogram Analysis (TDPA) with Frequency Domain Periodogram Analysis (FDPA) for synthetic signals and suggested that the TDPA can be utilized as an index to evaluate the existence of structural damage.
Most damage detection methods do not trace damaged members in a global structure but local damage in a member like damage detection in a beam structure. It's not easy to detect damaged member in truss structure because it is composed of axial members and the members are discontinuously jointed at nodes. The existing methods require the baseline data at the intact state. It's not practical to collect the baseline data at the intact state and to consider negligible noise. Damage accompanies the deterioration of the rigidity and leads to the change in the response when comparing with undamaged state. Adding a mass on a structural member of damage-expected structure, more PSE variation is expected in the damaged member due to the mass addition. This work starts with this basic concept to detect damage and imports the Welch method to reduce the noise effect. The validity of the proposed method is illustrated in numerical experiments.
Welch method
Welch method divides the time series data into segments, computes a modified periodogram of each segment and averages the PSE. A portion of the data stream near the boundaries of the window function is ignored in the analysis and its situation can be improved by letting the segments overlap. The PSD represents the strength of the variations as a function of frequency. The spectral density characterizes the frequency content of the signal and its estimation detects any periodicities in the data, by observing peaks at the frequencies corresponding to these periodicities. The PSE   f S xx is the discrete Fourier transform (DFT) of the autocorrelation estimate
This assumes that   n X is a discrete time random process with an autocorrelation
where iD is the starting point for the ith sequence. If And its expected value is given by
The Welch PSE in Eq. (7) is utilized as an index to evaluate the damage appearance.
Numerical experiment
Consider the damage detection of a plane truss structure model shown in Fig. 1 and top chord, respectively, were considered. The damage was established as the rigidity deterioration by 10% section loss and the mass loss was neglected.
A mass corresponding to 5% of a member was attached on the member and the responses were numerically simulated under the horizontal and vertical excitations in Fig. 2 , respectively. The simulation was repeatedly performed attaching the mass in member order and they were utilized as the measurement data. The measured data in time-domain to contain 3% external noise were transformed to the Welch PSE with rectangular window, 40% overlapping sample and 0.5Hz frequency resolution.
This work traced the damaged member based on the PSE change rate to indicate the PSE after the mass addition with respect to the PSE of the corresponding damageexpected structural member. The response rate caused by the movement of the additional mass is affected by the damaged member and the excitation direction. Figure 3 compares the PSE change rate of the three damage scenarios. It can be observed in all plots that the diagonal member ⑤ located in the middle of the truss is the most sensitive to the excitation as well as the mass addition. The PSE rate curves of the truss structure damaged at the diagonal member ③ are shown in Figs. 3(a) and (b). The vertical member is related to the vertical excitation. It is found that the damage is existed at the member ③ to represent the highest rate under the vertical excitation corresponding to the highest PSE rate under the horizontal excitation (skyblue color curve). However, the damage of the diagonal member ⑤ (red color curve, Figs. 3(c) and (d)) and the top chord ⑥ (purple color curve, Figs. 3(e) and (f)) is located at the member to display the highest rate under the horizontal excitation corresponding to the highest rate curve under the vertical excitation. It is investigated in this experiment that the damaged member can be detected by the combination of the member location, the excitation direction and the attachment of the additional mass.
Conclusions
This work proposed a damage detection method to trace the damage using outputonly responses and reduced the noise effect in measured data by importing the Welch PSE method. The dynamic responses were evaluated by the member location, the horizontal and vertical excitation directions as well as the response change before and after a mass addition on the damage-expected truss. An additional mass is placed on a member and the responses were numerically simulated, and it is moved to another member and another response set was measured, and the same process was performed in member order. The damaged member can be traced by the combination of the member location, the excitation direction and the attachment of the additional mass. The numerical experiment revealed the validity of the proposed method despite the 3% external noise.
